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ISP, 4 BMSCs il RSV-LIP 348 T /K BEIE, # TBI /)N BB M K BRI ST B (1A FVEH] . 458 RSV-LIP
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Hydrogel scaffolds loaded with bone marrow mesenchymal stem cells/resveratrol

liposomes for traumatic brain injury treatment
CHI Wenya, YUAN Yan, LI Weilin, WU Tongyu, YU Yuan(Department of Pharmaceutical Science, School of Pharmacy, Naval
Medical University, Shanghai 200433, China)

[Abstract] Objective

cells(BMSCs) and resveratrol liposomes (RSV-LIP) to form a therapeutic unit and evaluate its treatment efficacy for traumatic

To prepare a thermosensitive hydrogel scaffold loaded with bone marrow mesenchymal stem

brain injury (TBI). Methods BMSCs were extracted from rats, and RSV-LIP was prepared and characterized. Cell models were
constructed to investigate the pharmacological effects of BMSCs combined with RSV-LIP. BMSCs and RSV-LIP were then loaded
into the hydrogel, and a TBI mouse model was established to evaluate the therapeutic effects of the hydrogel. Results The RSV-
LIP had a particle size of 127.8 nm, a Zeta potential of —4.9 mV, an encapsulation efficiency of 78.50%, and a drug loading content
of 2.37%. Live-dead staining indicated good biocompatibility of the hydrogel. The combination of BMSCs and RSV-LIP
significantly inhibited TNF-a and reduced ROS levels, promoting cell migration in scratch assays. Compared to the control group,
the hydrogel group showed significantly lower mNSS scores (P<0.01), higher hanging scores (P<0.001), and reduced stepping
errors (P<0.001). Conclusion The combination of BMSCs and RSV-LIP exhibited antioxidative stress, anti-inflammatory, and
neurogenic cell migration-promoting effects. When loaded into a hydrogel scaffold and locally implanted, it could improve the
motor and sensory functions in TBI mice.

[Key words] traumatic brain injury; hydrogels; resveratrol liposomes; bone marrow mesenchymal stem cells
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WAERK R LR T4, BA W2 R 1Y
S AR 28 % A D R i is s A I D RE A AE ™ 78,
TBI Jii, K- 1) 55 5 140 g (BMSCs) B #2613 5 3]
A3 o7 , B8 am ek e Pk k3 kv 5, B e B AT LA
GRS S A HIBERC ", B (RS V) &
L 2B A LG, AR | A E
FAU, RSV T UE B AT i 2850 17 WA AR AE, ok
5% TBL 5 R A RRK b, B8 552 2T 012 /e s, IF it
B RS I Re R

LA TR SRR A B 2 rp AR A T
0 T B, R TCHE | ARG Ik | AT S AN R A 1)
A= WA AR SR S B8 B A s M BT, T A e/
WIS AT AR YT, BA iR AL B
A FIERAS I (8] N R FER T 6 g P30, A
YA T AN R RS ARV B AT R AR A M, IR
UK B Mt PR HC 0 i 2 A A ) AU M T A 21 1)
12, R T T KSR SR T Y R B B Y
FEPEDSTS N-S 70 B A IE R (NIPAM) J2 PRk
REWZ—, RIG AR AR R 32°C, BiE T A
IR, fh2a e RS e, B0 2 FE A B e iR
JEEE ) 7 P ) 24 1 R DR A 38 R 0, 2 v T e
PEAKEE RS I BRAE A RO, 375 B B R (HA ) 2 41 41
BN EER ST Z—, AETEGHS, JFHEA
ARCASE 5 TN A AR A, 2 — R W8 ) F Tl 2 2L
B2 R AR, 22 R (SF) & Az 22
PRI RAR B 5> T L1 4E 25 1, HA ARG SRk 2 ]
=P FR PR

AWFFELL SF F1 HA AR EWB 4L, 456
53+ NIPAM il #5 T i K &E i NIPAM-HA-SF,
138, BMSCs #il RSV-LIP, % £ /K B X TBI fih
SPAEH

1 MRFIEE

1.1 FBRALEFotH

Thermo UltiMate 3000 ¥ A & 3% 1% (3&
Thermo 23 ) ); ¥ % 1ML V55C(3E [H Virtis /7 FR
/AH]) . FBS(ZE[E Gibeo 24 H]); MSCs 1537 KL%
(i ME RAE AT R W] ) s MEM 8555 56 (IR 85
PR A A BRA ] ) s RSV(99%, i BTz T
AR B A7 FRA R s Sk BERg [ U (L
1) = 25 BT BRA ] 15 AR EE(99% AL H AR 4K,
Vg SO AR B A BRZA R ) s NIPAM (Lt
ZRIBHE A A BRA | B [ 4 T AT
PR B ABRA T 13 2R 811 [150 KD, & 1]
24 Z YT R DR A BRZ R 1 196 480G I K 75

& Calcein/P1 4% 14 5 A A s A A7) 5 (L
M3 A RA W AR A FR/A R ); TNF-a ELISA 7
& DEER YR A BRA W) ; WOGHEE 73 Y
(% [F Malvern 23 ] ); 2 J) fig 2 06 A (35 =
Agilent 2N ] ) o

SD K. C57 /INER I T 1 v 3 35 5 S 50 3
WA R THEA R S SE 503 2l A e K2R e 2
1O PRZE L SHIHE, I I 2 R R sl i BRI
iR R A TR R
1.2 BMSCs #42 BAfniz 7

Bt SD KB (M, 2 ~ 3 J5), RS B #AL AT,
G35 WL AR, PBS Mk 8 1 I 4 v eV
i 70 pm G ® 5 LA 300xg B 0> 5 min, A PBS
£, 300xg B0 5 min, DL AN S A 7 T R, B R
10 min, 450xg B.0JALL PBS &, 300xg 0> S min
HRNAMETIRE . A MSCs SE 555, M 141
JEISESRIL, & T 37°C, 5% CO, 4 FRAaH %

1.3 NIPAM-HA-SF #)4 5%,

FREX 0.153 g NIPAM, ¥ i TXZE K, ZE0KG
FMFTFAABRAE 1 he W HLERHT (KPS, 0.058 g)
2-4 3k 2 (AET, 0.122 g) 43 5l i i T W& K
VKBRS T AR 4h )5, WA HA %
% (0.256 g ¥ fit T AW ZE K ), in A EDC/NHS
(0.200 g/0.100 g), N, ff 47 K ik ;2 i 24 h, 15 %]
NIPAM-HA .

¥ NIPAM-HA F1 SF {4 (SF : HA=1 : 1), il
A EDC/NHS(0.400 g/0.200 g), N, {5 11X i 52 1
24 h, BN 3 d, WY, —80°C 17k, il HE AR
T REALAET 3 d, 15 NIPAM-HA-SF,

1.4 RSV-LIP #54) %5 & 4E
1.4.1 RSV-LIP B4

DL 43 -5 iR % ] 45 RSV-LIP, R R
RSV, BREAR . AL IR WG . 0 [E BEis &, i T
10 mHBEHESAIH (B « E05=1 = 1, VIV), WeEE5
4 0.200, 0.660, 1.540, 0.734 mg/ml, 45°C, 20 r/min
WEGHEZE 1 h, A 5 ml PBS(1x, pH 7.4), 45°C 7K
b1 he MERHRRER KGR AR 400, 100 nm
255 H 30 Ik, 55 RSV-LIP,

1.4.2 RSV-LIP K& Al Zeta HLAME

B RSV-LIP IR &M, H /R SCHOGRL BE AL
B, Zeta LAV .

1.4.3  RSV-LIP LR Az 25 m il e

035 & 1F . {435 4 . Diamonsil C;4(200 mmx
4.6 mm, 5 um); Ji s AH: Z M -PBS(0.01 mol/L, pH
7.4)(65 : 35); Y : 0.8 ml/min; K% K : 306 nm;
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FEIR: 35°C; #EFEfR: 10 plo

B 200 pl RSV-LIP 9, IMA 4 A5 AT F B
Ji€ 15 min, 4°C, 15 000 r/min &[> 30 min, B | &
W, HPLC 74 fig BA 254k B . [RIRFH 200 pl
RSV-LIP, 4°C, 15 000 r/min 5.0> 30 min, W5 1
W, A IR AT, 4°C, 15 000 r/min 250> 30 min,
W3, HPLC 2007, 42 BB DL 20 X e £ 2h
FfL R,

proe  TRFATHOE KA E o
(REa R AT B x 100%;
W E = aﬁﬁﬂj@ﬂﬁ@%ixlm%o

g o A i o

1.5 NIPAM-HA-SF 7K %t % 64 4] & Foif 25
1.5.1 K& &

G B NIPAM-HA-SF 5% T- 328K, TGS
it RSV-LIP, fig#1345), B T 37C #EF 10 min B
1548 RSV-LIP /KEE
1.5.2 JKEEH RSV MIREZ

LRl (ISR “1.4.37 R EI—E AR
(A% BB SRRV T 5 ml 28I, 20 ) B A
WeRE R 1, 4. 10, 20, 50, 100, 200 pg/ml (% &
W e DR e T, L RSV BTk B
(X) M A b, Wt AR (Y) A bR, SEATEPE R

LJEE: A B E RSV X 5 10 mg Jin s
V%, BT 100 ml AR (A A ROIT & A B2 LR, 15
A7, B R B W . B 100 pl 8% RSV-LIP 17K
e, ARG ST S ml AEIHIFE R, B
5 min, 10 000 r/min &5.0> 10 min, B FiERGT 0.22 pm
T JE BN AS AR AT . B 100 pl 23 IR AR BRI,
FEAER IR I A A A, VS B SV

K% L4, 20, 200 pg/ml AN IR S, 12
R EGERM | d NELZ IR 3 IREEH W%
JE, IR HE4E 3 d I DA 58 H RDRG % 4 .

[l B 100 pl 2825 1R AR 14 7K B e
F 5 ml I, S IAR FARFLE) RSV X
TR, UL A B2 L, RSV ¥R B 43
A 4. 20, 200 pg/ml, [V EESI#E 3 o 550, HH
5min, 10 000 r/min &.C> 10 min, B F3ER, i 0.22 pm
DB R AR 2

AN B 2Y . BGE HE 2k RSV-LIP 114 7K B fise 255 £
T B4 (3.5%10° Da) H1, BT 20 ml A RLZE K H,
37°C, 100 r/min 55 F FHRFEEZE G . 00T 0.5, 1.
2.4.6, 8,10, 12, 24, 48, 72 h Wz L 1 ml 484P A
W, HAb FEAH R BEAR R 25 ORI . BRI
W HIAGE B HI T, 10 000 r/min 5.0 15 min, B 3G

W, 3 0.22 pm PR S HERE 00 AN [R]ERE E) S R
A 5N RSV MR BE, 2 il d4 o Bl il 26, 1158
RSV 1 BB
1.5.3 BMSCs 7E/K B o B 6 P % 5%

# BMSCs 5 RSV-LIP /K EEfE — L7,
i FH Calcein/P1 41 g 15 M 55 40 o B P AG 370 ks
I BMSCs AEFFIF L . BUAE KIRZS R 4779 BMSCs,
W 1x10° 2R B LR A ML, I A K1
Y 7K #E I & RSV-LIP, ¥ T 37°C, 5% CO, 4 fiii %
FRRFE, B55% 1. 4 d )5, H Calcein AM/PI
DT ARSI o O IR AR A AR YL (R,
EEEA L DR S i o 1 A W K i
1.6 BMSCs B4 RSV-LIP #94k 9125 3k 5 # 5
1.6.1 BMSCs B4 RSV-LIP XHZIc4iffl ROS 1
HAE

LA TBHP il £ # 25 70 41 i 4801k 107 384 463 47 A
R, 43 #H X B 4H . TBHP 41 . BMSCs 4 . RSV
ZH . RSV-LIP 41 #1 BMSCs+RSV-LIP 2H . HUXJ %
ARG HT22 4 RER 2 24 LA, 37°C %5 24 h
&, BALIA T ml 35 5% B9 TBHP(10 pg/ml),
37°C W E 24 h G W ss LIEW, Heor Al A &4l k
&, Hirp RSV 2l 10 pg/ml, BMSCs & 1x10° 4~/4L,
37°C WEE 48 ho o FH I 1 ARG 0 k551 G0 A ) % 21
ROS 7K, % SRR SR 2% S5 & (Ex/Em=488/
525 nm).
1.6.2 BMSCs A RSV-LIP /)N 5 20 ifd 48 i
F TNF-a B0 HIVE

DL LPS il % /M 240 i A E R A AL . o34l
Jy X B 41, LPS 41 . BMSCs 41 . RSV 4] . RSV-
LIP 2 F1 BMSCs+RSV-LIP 2H . % %A= K 1 Y
BV2 il 2 24 fLAR, 37°C 15 F 24 h 5, BAL
FIA 0.10 pg/ml (4 LPS, 37°C 5% 24 h J5 %% I
THW . FEord AR, o RSV 8 10 pg/ml,
BMSCs A 1x10° 4~/4L, 37°C ## 5 24 h, B4
W, WO T .08 W, il ELISA 257 & il
TNF-a /K, BEFRY 450 nm K08 RE(E
1.6.3 BMSCs B4 RSV-LIP X NE-4C 41 il ) 5
FIFREH

Fa R . A2l R X R4 . BMSCs
2 . RSV 41, RSV-LIP 41 #il BMSCs+RSV-LIP 41 .
B KA NE-4C #5802 24 FLAR, 20 %5
ik 80% ~ 90% Ji 1 ml 46 Sk 7E 41 i )2 1 wEAT &1
. RIRSSHE, (7] PBS VR4 1 ¥k, 3434
A A AL RE S, Hod RSV A 10 pg/ml, BMSCs A
1x10° /AL, & 37°C, 5% CO, ¥ FeAtilige. 0. 12,

X
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24 h WEL S ANAE AT R B LA,
1.7 # BMSCs+RSV-LIP /KEAZ 494k 1 25 2 5 % 58
1.7.1  TBI /MRS A EE M 252

C57 /IR CHEE, 8 JEi ) Bl #1432 : Sham 20 (|2
FARYD) | XA GERG AL 24) . 2 BMSCs 7K 5t
e 241 . %% RSV-LIP /K % i 4 . i BMSCs+RSV-
LIP KEERC A, T 6 Ho

a7 P R T ep i (CCOIMR R . JE I
S 1% (wiv) BT 22 41775 BRI /)N BRL(50 mg/kg),
] T Wi Sz A A, WSk TE FP 4R MY 1 om 22
LAY O, g S E . TERTXSZY 1 mm, i
REELM L) 2 mm 78, B —A AN 4 mm
WAL WEAES TAESE. shili BN 5 nvs, whili
REE N 1.0 mm, My FR2EmF ] R 100 ms, X770 BRI
AT . A R R AR A A T AN, kA4
A VE S 20 pl 7% 2588 B (BMSCs: 1x10° /K,
RSV: 0.9 mg/kg), H#EMG HITFilF T4 5 .
1.7.2 %k BMSCs+RSV-LIP 7K #¢ i % TBI /) il iz
SR IREITE

B2 T RE R E (mNSS) PR/ 5256 . AR IR
mNSS PEo bR e, X 4520 TBI /N Y32 8 B
A e 77 LA KR RO S BL T LATEAL . mNSS
TR 0 ~ 18 41, M Eo R W TBL /N 28 2)
REMIt ™ H . AL T TBIARJS 1.2, 3. 4. 5,
6.7.9. 11, 14 d HATIPAY .

Was Sy, TBIARJG 1.2.3.4,5,6,7.9,
11, 14 d #4544 TBI /)N BRUS 75 3k 22 A% BEHIL 1Y
i b, MEIFC s HATER S, U RIER i

PR RS MBI, THIA RS OB D B0 LR
FUAE AR UERH TBI /)N R i 241 bk ™ o

BEHESL, AR B — R NER, TBI ARG
1.2.3.4.5,6.7.9, 11, 14 d KUK 4540 TBI /)N
FEETESNEF Y], WEET IO s HAE AT B
BF ] SR A o WEAAn it OIEYE (0 43); @fLE
HEAEMER B (GX 30 s), (HRIER B (1 43); BT
FEREE L, RIS TGRS (2 40); @2 HiT
JNFR 1 HEE 2 R TMEETEME (3 40); @4 HIR
THEHTNEE, B DAGTEMNE (4 43); @es| T
— [ E AR (54 ) o S E BRI BT TBI /)N
BRI PR 22 01 180 ™ 5
1.8 %itsam

% H GraphPad Prism 9(GraphPad Software,
San Diego, CA)JT 5 o W4 41 [H] %5 4 1 b 3R H
Unpaired Student’s T-test, 2 ZH [b] i) B 85 b %2k FH
One-way ANOVA. LI P<0.05 F£/R 274 G112
B, P<0.01 FRER B E, P<0.001 Fn2zEHFdE
GRTEN
2 R

2.1 BMSCs #3& R R A REBIR T o E A K

WA 1 s, BMSCs 5 RSV-LIP /K BE 3
Bigi 1, 4 d, SOt R & BB AL RSk (058
% %, BMSCs A KRB B4, B 3 s ) (1 4iE
K, FEANARAY EL B3 i, 5 40t A g i, 1 RA %
%k RSV-LIP Y 7K i I S 2% 20 M 35 P s, B
A B AR

1 BMSCs BI3¢5 B ER A 1 BMSCs /KA A 3D &K E
A. BMSCs BIG2 BAMUIR A (<100 um); B. M35 1d; C. i3t 4d

2.2 RSV-LIP #94|& 5 & 4E
2.2.1 RSV-LIP fRifEH Zeta AT

RSV-LIP /)R #2 | Zeta 3 {37 43 51 hy (127.80+
0.41) nm, (—4.90+0.51) mV,,
2.2.2 RSV-LIP fyfudhR gk 2 it

RSV-LIP H1 RSV AYfudRA7(78.50%+1.48% ),
#2558 (2.37%+0.06%)

2.3 # RSV-LIP /Kt &1 o4 7 ik 0 i 5
231 K@tk Lk

WE 2 FiR, kLR R AT, RSV 4/ B B[]
4 5.90 min, 25 AN RSV I E L. 1~
200 pg/ml ¥ VIR A, RSV R (C, pg/ml) 51
FR(A4) B RIFAMOCR, LlEIRlA 2 4=1.953 8 C+
3.012 3, R*=0.999 8.,
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)

0 1.0 20 30 40 50 60 70 80
FFA] ( ¢/min )

0 1.0 20 30 40 50 60 7.0 80
A a] (#/min )

0 10 20 30 40 50 60 70 80
A fE] ( #/min)
El 2 RSV-LIP 7KEERZH RSV 2 EMEN HPLC 753%
A. 2 PG FARBE 2R K; B. RSV X i C. 48 RSV-LIP /KEEIE

232 FEEREAIRICR

Hi e 1 AT, G, b &k EE RSV 7E H NI H
] 24 B R RS % B, B PRS2 R H )RS 2
J&£ RSD BJ/NT 5%, B il <7 75 12 A 25 B ik J2
ZOR, FTRTHEA T RSV A& il .

%1 RSV HPLC BiEPITERZE (3+s, n=3)

e HA H [7]
(ng/ml) Fts RSD(%) Fts

100 104.40+0.22 0.21

RSD(%)
103.40+0.25 0.24

20 24.03+0.13 0.54 2.48+0.23 1.02

4 3.80+0.02 0.53 3.78+0.03 0.79

H e 2 Al 0, K. L R RSV Y [R[IACR 1)
1E 95% ~ 115% JuF N, H RSD {HI¥/NT2T 5%,
T e T 5, v FTRES TR RSV S EIIE .

% 2 RSV B HPLC BiE i EUEER (5+s, n=3)

R (ug/ml)  [PISGERE (ug/ml) (%) RSD(%)
100 107.70+0.03 107.10 0.03
20 20.99+0.02 104.60 0.10
4 4.02+0.02 100.20 0.50

233 JKEEE T RSV HyBE2Y
7% RSV-LIP AY7KEEIEHT 2 h 211R RSV 2
15%, 75 24, 48 #1172 h 11 Zi B2 a0 (39.57%+

0.36%) . (42.23%+0.13%) F1(43.31%+0.34%), E.A
Wi I BEAE R
2.4 BMSCs 4 RSV-LIP #94k 925 3k 5 # 5
2.4.1 BMSCs B4 RSV-LIP % HT22 4ififl ROS )
HIVER

W& 3 frsx, BMSCs 41 . RSV 4] . RSV-LIP
2 A1 BMSCs+RSV-LIP £ ROS /K¥ ik T TBHP
2H, Horh, BMSCs+RSV-LIP 425 & i 3 (P<0.001),
UiH] BMSCs 1 RSV ¥ HATHt S A 3 43 1 AR
HH, & HEA P RIS E -

300 =

200 -

100 =

\Q‘&
%4¢ %4/\)
< &
&
&
3 BMSCs B£4 RSV-LIP % ROS B (n=3)
"P<0.05, ""P<0.01, ""P<0.001, 5 TBHP 4 4%,

D ) R S 4
&J N Cf)/ A7 \Q 2
R & & W

242 BMSCs 64 RSV-LIP %f BV2 4 fit 4 4iF
F TNF-a [0/

&l 4 Bf 7k BMSCs 41 . RSV 4 . RSV-LIP
2H . BMSCs+RSV-LIP 1/ TNF-a /K- FIK T LPS
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